After the third decade of life, when peak bone mass generally has been achieved, bone is lost with advancing age at a rate that depends on several factors. These factors include the normal aging process as well as the accelerated bone loss associated with menopause in women. The pathophysiology of postmenopausal osteoporosis is characterized by increased bone resorption due to the increased number and activity of osteoclasts. Ovariectomized animals have been used as laboratory models for postmenopausal osteoporosis. The pathophysiology of senile osteoporosis in aged humans observed in both sexes is characterized by a decrease in bone formation that exceeds the decrease in bone resorption and is accompanied by reduced turnover during bone metabolism; however, its cellular and molecular mechanism is poorly understood (1, 2).
vivo cell culture systems. Here we demonstrate the significant similarity between the pathophysiology of osteopenia in klotho mice and that in senile osteoporosis in aged humans. The klotho mice could be a new laboratory animal model for senile osteoporosis and give us a new clue to the understanding of the pathogenetic mechanism of age-related bone loss.
Methods

Animals.
Wild-type and kl/kl mice were generated by crossing heterozygous klotho mice (kl/+), because kl/kl mice are infertile. All the aging phenotypes of kl/kl mice were rescued by exogenous expression of the klotho gene (3). The "rescued" kl/kl mice were obtained by crossing kl/+ mice to transgenic mice overexpressing the membrane form of mouse klotho cDNA under the control of human elongation factor 1α promoter (3) . Animals were maintained according to the protocol approved by the Animal Care and Use Committee of the University of Tokyo.
Analysis of bone morphology. Bone mineral density (BMD) of tibiae and femora excised from 3-, 5-, and 7-week-old wild-type and kl/kl mice, as well as 7-week-old rescued kl/kl mice, was measured by single energy x-ray absorptiometry using a bone mineral analyzer (DCS-600R, Aloka Co., Tokyo, Japan). Bone radiographs of the excised tibiae and femora from 7-week-old wildtype, kl/kl, and rescued kl/kl mice were taken with a soft x-ray apparatus (Type SRO-M50; Sofron, Tokyo, Japan). Computed tomography (CT) scans at the metaphysis and the diaphysis of femora were taken using a composite x-ray analyzing system (NS-ELEX, Tokyo, Japan).
For Villanueva-Goldner staining, tibiae were excised from 7-week-old wild-type and kl/kl mice, fixed with 100% ethanol, embedded in methyl methacrylate, and sectioned in 6-µm slices. For double labeling, mice were injected subcutaneously with 8 mg/kg body weight (BW) of calcein at 10 days and 3 days before sacrifice. The specimens were subjected to histomorphometric analyses using a microscope with a video camera connected to an image analysis system. Parameters for the trabecular bone were measured in an area 1.2 mm long from 0.1 mm below the growth plate at the proximal metaphysis of the tibiae. Parameters for the cortex bone were measured at the midpoint of the tibiae.
Assay of serum and urine parameters. Serum calcium and phosphorus concentrations were determined by the orthocresolfthalein complexone method using Wako kit 272-21801 (Wako Pure Chemicals Industries, Osaka,
Figure 1
In vivo findings of the tibiae of wild-type, klotho (kl/kl), and rescued klotho (kl/kl, tg/+) mice. (a) BMD of the whole tibiae at 3, 5, and 7 weeks of age. *Significantly different from wild-type mice (P < 0.01). Data are expressed as mean (symbols) ± SEM (error bars) for 8 bones per group for wild-type and kl/kl, and 5 bones for kl/kl, tg/+. (b) BMD of each of 20 equal longitudinal divisions of tibiae from 7-week-old mice. (c) Histological features of the proximal metaphysis and the diaphysis of the tibiae of 7-week-old wild-type and kl/kl mice. Mineralized bone is stained green and unmineralized osteoid stained red by the Villanueva-Goldner method. Original magnification: ×20. Histomorphometric parameters are shown in Table 1 . The fraction was applied to a HPLC system (Gibson Inc., Middleton, Wisconsin, USA) to obtain a genuine separated residue. Urinary cAMP was determined by radioimmunoassay using a Yamasa kit (Yamasa Shoyu Co. Ltd., Chiba, Japan). Creatinine concentration was determined by the Jaffe method using Wako kit 277-1050. Serum osteoprotegerin (OPG) concentration was kindly measured by E. Tsuda at Snow Brand Milk Products Co. Ltd. (Tochigi, Japan) with ELISA using antibodies against human OPG that were ascertained to cross-react with mouse OPG (9) . Ex vivo bone marrow cell cultures. Marrow cells were collected from tibiae and femora of 4-or 7-week-old wild-type or kl/kl mice (each n = 5) by flushing with α-modified MEM (α-MEM; GIBCO BRL, Grand Island, New York, USA) containing 10% FBS using a syringe with a 25-gauge needle. Cells of each group were pooled together and analyzed. The numbers of fibroblast colony-forming units (F-CFU) and osteoblast CFU (OB-CFU) were determined according to the methods reported previously (10) . For F-CFU, 10 6 nucleated bone marrow cells isolated from wild-type and kl/kl mice were inoculated in a well of a 6-multiwell plate (Corning-Costar, New York, New York, USA), and cultured in 2 mL/well α-MEM containing 10% FBS, 50 µg/mL ascorbic acid, and 10 mM β-glycerophosphate. After 10 days of culture with half of the medium changed every 3 days, the cells were fixed with 10% neutral buffered formalin and stained for alkaline phosphatase (ALP) by enzyme histochemical procedure using naphthol AS-MX phosphate (Sigma Chemical Co., St. Louis, Missouri, USA) as substrate and Fast BB salt (Sigma Chemical Co.) as coupler. F-CFU was detected by the formation of a colony of more than 50 adherent fibroblastic cells. For OB-CFU, 10 6 nucleated bone marrow cells were inoculated in a well of a 6-multiwell plate and cultured in the same medium for 28 days, fixed in 50% ethanol and 18% formaldehyde, and stained for calcium deposits using 2% alizarin red or Von Kossa's method. The colonies exhibiting a nodule of mineralized matrix were counted as OB-CFU.
Granulocyte and macrophage CFU (GM-CFU) were determined according to the method reported previously (11) . Briefly, 10 6 nucleated bone marrow cells from 7-week-old wild-type or kl/kl mice were inoculated in a well of a 6-multiwell plate and cultured in 2 mL/well of α-MEM containing 10% FBS, 0.88% methylcellulose, 500 U GM-CSF (Genzyme Pharmaceuticals, Cambridge, Massachusetts, USA), and 100 µM 2-mercaptoethanol. After 8 days of culture, cells were fixed and stained for nonspecific esterase and naphthol AS-D chloroacetate esterase using commercially available kits (Sigma Chemical Co.). Colonies of more than 50 cells were counted as GM-CFU.
Figure 2
Plain x-rays and CT images of the femora of 7-week-old wild-type, kl/kl, and kl/kl, tg/+ mice. The length of the femora, as well as the tibiae, of kl/kl mice was 20-30% shorter than those of wild-type mice, reflecting growth retardation in kl/kl mice. CT was taken at 0.2 mm above the growth plate at the distal metaphysis and at the midportion at the diaphysis. To determine osteoclastogenesis, 10 6 nucleated bone marrow cells from 7-week-old wild-type or kl/kl mice were inoculated in a well of a 24-multiwell plate and cultured in 0.5 mL/well α-MEM containing 10% FBS, 50 µg/mL ascorbic acid, and 10 -8 M 1α,25(OH)2D3 for 8 days. Cells were fixed with 3.7% (vol/vol) formaldehyde in PBS and ethanol-acetone (50:50 vol/vol), and stained at pH 5.0 in the presence of L(+)-tartaric acid using naphthol AS-MX phosphate in N,N-dimethyl formamide as the substrate. Tartrate-resistant acid phosphatase-positive (TRAP-positive) multinucleated with 3 or more nuclei were counted as osteoclastic cells.
Ex vivo osteoblastic cell cultures. Osteoblastic cells were isolated from 6 to 8 calvariae of neonatal (5-6 days old) or fetal (17 days after coitus) wild-type and kl/kl mice.
Calvariae were digested for 10 minutes at 37°C 5 times in an enzyme solution containing 0.1% collagenase and 0.2% dispase in α-MEM. Cells isolated by the last 4 digestions were combined as an osteoblastic cell population and cultured in α-MEM containing 10% FBS and 50 µg/mL ascorbic acid. For the growth-curve experiment, primary osteoblastic cells from neonatal mice were inoculated at a density of 10 5 cells per dish in 6-cm dishes. The number of cells per dish was counted every day for 10 days. For ALP activity measurement, primary osteoblastic cells from neonatal or fetal mice were inoculated at a density of 5 × 10 4 cells per well in a 24-multiwell plate and cultured in the same medium. containing 1 mM MgCl2 and 0.5% Triton X-100. ALP activity in the lysate was measured by the hydrolysis of p-nitrophenyl phosphate to p-nitrophenol. The protein content was determined using BCA protein assay reagent (Pierce Chemical Co., Rockford, Illinois, USA). For matrix nodule formation, primary osteoblastic cells from neonatal or fetal mice were inoculated at a density of 10 5 cells per well in a 6-multiwell plate and cultured in α-MEM containing 10% FBS, 50 µg/mL ascorbic acid, 10 nM dexamethasone, and 10 mM β-glycerophosphate for 21 days. Matrix nodules were identified morphologically by alizarin red staining, and total area of positively stained matrix was estimated using an image analyzer.
Coculture of osteoblastic cells and hemopoietic cells. TRAPpositive multinucleated osteoclastic cells were generated from the hemopoietic cells derived from either wildtype or kl/kl mice by coculturing them with the osteoblastic cells derived from either wild-type or kl/kl mice. As a source of hemopoietic cells including osteoclast progenitors, we used bone marrow cells and spleen cells that were collected from 7-week-old mice. Osteoblastic cells (5 × 10 4 cells per well) isolated from neonatal mice as described above were cocultured with bone marrow cells (5 × 10 5 cells per well) or spleen cells (10 6 cells per well) in a 24-multiwell plate in 0.5 mL/well of α-MEM containing 10% FBS and 10 -8 M 1α,25(OH)2D3 for 8 days. For the determination of osteoclastogenesis, cells were stained for TRAP as described above. To determine the survival of osteoclasts, osteoclastic cells formed in 8 days of the coculture were collected by removing other cells with 0.001% pronase E and 0.02% EDTA and cultured in α-MEM containing 10% FBS for an additional 48 hours. At 4, 8, 12, 18, 24, 36 , and 48 hours, the number of TRAP-positive and trypan blue-negative multinucleated cells was counted, and the half-life was calculated from the survival curve. For the determination of bone resorption activity, osteoclastic cells were formed by the coculture for 8 days on 0.24% collagen gel coated on a 24-multiwell plate. After cells were digested with 0.2% collagenase solution, a 1:50 aliquot, including osteoclastic cells, was seeded on a dentine slice and further cultured in α-MEM containing 10% FBS for 48 hours. To compare the resorption activity of the osteoclastic cells of wild-type mice with that of kl/kl mice, the same number of TRAP-positive multinucleated cells was inoculated on a dentine slice, and total area of pits stained with 0.5% toluidine blue was evaluated using an image analyzer.
Immunofluorescence analysis of bone marrow cells. The bone marrow cells collected from tibiae and femora of 7-week-old mice were centrifuged and resuspended in ammonium chloride-Tris buffer to lyse red blood cells, then incubated for 30 minutes on ice with FITC-labeled F4/80 (Serotec Ltd., Oxford, United Kingdom). Stained cells were analyzed by a flow cytometer (Cyto ACE-150; Japan Spectroscopic Co., Tokyo, Japan). Northern blot analysis and RT-PCR. For Northern blot analysis, primary osteoblastic cells from neonatal mouse calvariae were inoculated at a density of 10 6 cells per dish in a 10-cm dish and cultured in α-MEM containing 10% FBS and 50 µg/mL ascorbic acid for 7 days. Total RNA was extracted using an ISOGEN kit (Wako Pure Chemicals Industries). Twenty micrograms of total RNA was electrophoresed in 1.2% agaroseformaldehyde gels and transferred onto nylon membrane filters (Hybond-N; Amersham International, Little Chalfont, United Kingdom). The membranes were hybridized for 2 hours at 6°C with cDNA probes for mouse ALP, osteocalcin, procollagen α1 (I), and G3PDH, which were labeled using a multirandom primer oligonucleotide labeling kit (Boehringer Mannheim GmbH, Mannheim, Germany), and [ 32 P]dCTP (Amersham International), according to the manufacturer's protocol.
To investigate in vivo levels of mRNA, semiquantitative RT-PCR was performed within the exponential phase of the amplification. Total RNA (1 µg) extracted from calvariae and tibiae of 7-week-old mice was reverse transcribed using SuperScript reverse transcriptase (Takara Shuzo Co., Shiga, Japan) with random hexamer (Takara Shuzo Co.), and 5% of the reaction mixture was amplified with LA-Taq DNA polymerase (Takara Shuzo Co.) using specific primer pairs: 5′-CCTGGTCGACCATTTCAG-3′ and 5′-AGCACAAAGTCGACAGACTTCTGGC-3′ for klotho; 5′-CCGCACGACAACCGCACCAT-3′ and 5′-CGCTCCGGCCCACAAATCTC-3′ for Cbfa-1; 5′-GACG-GACTGCGGTCTCCTAAAG-3′ and 5′-TCTGCAGA-GTGAGAAACTCGTCA-3′ for BMP-2; 5′-CGCCGT-CATTCCG-GATTACAT-3′ and 5′-GGCCCAATCTC-CACTCCCTT-3′ for BMP-4; 5′-TAGCACCAGAGGAT-ACCTTGC-3′ and 5′-AATGCTTCATCC GTTCCAAA-3′ for BMPR-IA; 5′-CAGAATCAAGAACGGCTATG-3′ and 5′-TTGTTTACGGTCTCCTGTCA-3′ for BMPR-II; 5′ TCAGAAGACAGCACTCACTG-3′ and 5′ TCTTCACCAGCTCGGAGCTT-3′ for ODF; 5′-CACCAAAAGTGTGGAATAG-3′ and 5′-GTGGGAT-GTTTTCAAGTGCT-3′ for OPG; 5′-CATGTAGGCCAT-GAGGTCCACCAC-3′ and 5′-TGAAGGTCGGTGT-GAACGGATTTGGC-3′ for G3PDH. Up to 30 cycles of amplification were performed with a Perkin-Elmer PCR Thermal Cycler (PE-9600; Perkin-Elmer Corp., Norwalk, Connecticut, USA ) at 94°C for 30 seconds, at 51-65°C for 60 seconds, and at 72°C for 90 seconds.
Statistical analysis. Means of groups were compared by ANOVA, and significance of differences was determined by post hoc testing using the Bonferroni method.
Results
Radiological and histological analyses of the bone phenotypes.
BMD of whole tibiae was decreased by 12.0% in kl/kl mice at 7 weeks of age compared with wild-type mice (Figure 1a) . To investigate the distribution of BMD, we divided the tibiae longitudinally into 20 equal regions and measured BMD of each fraction (Figure 1b) . In kl/kl mice, BMD was significantly reduced at the midportion or the diaphysis with a maximal decrease of 35.9%. On the other hand, BMD of the proximal tibiae or the metaphysis was greater in kl/kl mice than in wildtype mice, with the maximal increase of 29.1%. These findings were not observed in the genetically rescued kl/kl mice (kl/kl, tg/+) generated by crossing klotho mice to the transgenic mice overexpressing the klotho cDNA Histological examination of the tibiae of 7-week-old wild-type and kl/kl mice (Figure 1c ) revealed that the decrease in BMD at the diaphysis in kl/kl mice was caused by the decrease in cortex thickness. It was also indicated that the dense and elongated trabecular bone at the metaphysis was responsible for the increased BMD in this region in these mice. These elongated metaphyseal trabeculae exhibited a lamellar architecture by polarizing microscope (data not shown). Histomorphometric measurements supported these his-
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Figure 5
Messenger RNA level and serum protein level of OPG in wild-type and kl/kl mice with mRNA levels of OPG in calvariae, tibiae, and liver of 7-week-old wild-type and kl/kl mice analyzed by RT-PCR (collected from 8 mice per group). Serum OPG levels in wild-type and kl/kl mice were measured by ELISA. Data are expressed as mean (bars) ± SEM (error bars) for 5 mice per group. *Significantly different from wild-type mice (P < 0.01).
tological observations ( (1) . Plain x-ray and CT of femora demonstrated similar changes to the tibiae (Figure 2) . BMD of the whole femur was decreased by 5.0% in kl/kl mice with the maximal decrease of 25.8% at the diaphysis, whereas dense trabecular bones were observed at the distal metaphysis, which caused the maximal increase of 23.4% in BMD in this region. These changes seen in kl/kl mice were not detected in rescued kl/kl mice. No sex differences were apparent for any of these morphologic findings of tibiae or femora.
Analysis of serum and urine parameters. The serum level of calcium was slightly increased in kl/kl mice (9.47 ± 0.30 vs. 10.64 ± 1.07 mg/dL [mean ± SD] for wild-type and kl/kl mice, respectively; n = 12). The serum phosphorus was also increased (8.54 ± 1.34 vs. 15.09 ± 1.34 mg/dL) as reported previously (3) . The mechanism of the elevated calcium and phosphorus levels remains to be determined; however, renal function seemed unaffected, because creatinine levels were normal in kl/kl mice. No difference was evident between wild-type and kl/kl mice in serum 1α,25(OH)2D3 level (52.1 ± 4.6 vs. 45.9 ± 7.9 pg/mL [mean ± SD] for wild-type and kl/kl mice, respectively; n = 8) and urinary cAMP/creatinine ratio (74.47 ± 7.98 vs. 68.11 ± 6.54 nmol/mgCr), which represents parathyroid hormone (PTH) activity. In addition, immunohistochemical study of the parathyroid gland using an anti-PTH antibody provided no evidence for hypertrophy in kl/kl mice (data not shown). Other serum data, including total protein, albumin, cholesterol, and triglyceride levels, were normal in these mice. These observations confirmed that the bone phenotypes seen in kl/kl mice were not caused by a metabolic disorder such as renal failure or hyperparathyroidism.
Osteoblast progenitors in the bone marrow. Marrow cells from 4-and 7-week-old kl/kl mice had approximately 3-fold fewer OB-CFU than did wild-type mice in ex vivo cultures ( Table 2 ), indicating that the number of osteoblast progenitors was significantly decreased in the bone marrow of kl/kl mice. Both 4-week and 7-week-old wild-type and kl/kl mice, in contrast, had a similar number of F-CFU, although the colonies originated from kl/kl mice showed less ALP staining than those from wild-type mice (data not quantified).
Analysis of cultured osteoblastic cells. Cultured primary osteoblastic cells from neonatal (5-6 days old) calvariae showed no significant difference in proliferation between wild-type and kl/kl mice ( Figure 3a) ; however, osteoblastic cells from the kl/kl mice had lower ALP activity at 7 and 14 days of culture (Figure 3b ). Matrix nodule formation by cultured osteoblastic cells was also decreased at 21 days of culture (Figure 3c ). Northern blot analysis disclosed the decrease in mRNA levels of ALP, osteocalcin, procollagen α1 (I) in kl/kl osteoblastic cells (Figure 3d) . These results indicate that not only the number of osteoblast progenitors, but also the function of their progeny (osteoblastic cells), were severely affected in kl/kl mice. It should be noted that ALP activity (Figure 3b ) and matrix formation (Figure 3c ) of kl/kl mice were almost equivalent to those of wild-type mice when osteoblastic cells were derived from embryos (17 days after coitus).
Osteoclastogenesis. TRAP-positive multinucleated osteoclastic cell formation was impaired in kl/kl mice in ex vivo bone marrow cultures (Figure 4a ). It is firmly established that osteoclasts differentiate from hemopoietic cells through cell-cell interaction with stromal/osteoblastic cells (12) . Hence, impairment of osteoclastogenesis can be caused by an intrinsic defect in osteoclast progenitors to differentiate to mature osteoclasts or a defect in stromal/osteoblastic cells to support osteoclast differentiation or both. To determine the cause of impaired osteoclastogenesis in kl/kl mice, we counted the number of osteoclastic cells generated in the coculture of primary osteoblastic cells and bone marrow cells. This number was significantly decreased when bone marrow cells were derived from kl/kl mice; however, it was unaffected by whether the osteoblastic cells were derived from wild-type mice or kl/kl mice (Figure 4b, top) . This result was reproducible when bone marrow cells were replaced by spleen cells as a source of hemopoietic cells (data not shown). Thus, we concluded that the impairment of osteoclastogenesis in kl/kl mice was due to abnormality of the bone marrow cells containing osteoclast progenitors and was not secondary to a defect of osteoblastic cells to support osteoclast differentiation. We found that the number of GM-CFU in ex vivo bone marrow culture and the percentage of F4/80-positive monocyte macrophages in bone marrow cells were identical in wild-type and kl/kl mice (Figure 4a) , suggesting that these cell lineages were not affected in kl/kl mice.
Activity and survival of osteoclasts. When osteoclastic cells formed in the coculture system were isolated and further cultured on a dentine slice for 48 hours, the area of resorption pit was parallel to the number of osteoclastic cells formed (Figure 4b ). In addition, the osteoclastic cells originated from kl/kl mice formed a resorption pit almost equal in area to that formed by wild-type mice when the same number of cells were seeded (resorption pit area of kl/kl osteoclasts was 87.3 ± 10.2% that of wild-type osteoclasts; mean ± SEM).
Survival curves showed no difference between wild-type and kl/kl osteoclasts (the half-life of osteoclastic cells was 14.4 hours and 12.9 hours, respectively). These results strongly suggest that the decrease in bone resorption in kl/kl mice is caused by a defect in osteoclast differentiation from their progenitors, but not by reduced activity or survival of mature osteoclasts.
Analysis of major regulatory factors of bone metabolism. To obtain an insight into molecular mechanisms of the bone cell abnormalities in kl/kl mice, we compared expression levels of several genes that regulate bone development and metabolism between wild-type and kl/kl mice. We examined expression of Cbfa-1 (13), bone morphogenetic protein-2 (BMP-2), BMP-4, BMP receptor-IA (BMPR-IA), BMPR-II (14), osteoclast differentiation factor (ODF) (15) , and OPG (16, 17) by semiquantitative RT-PCR using RNA from calvariae and tibiae of 7-week-old wild-type and kl/kl mice. No difference was evident in expression levels of Cbfa-1, BMP-2, BMP-4, BMPR-IA, BMPR-II, and ODF (data not shown). Significant difference was detected in OPG, a secreted factor that inhibits osteoclastogenesis ( Figure 5 ). In kl/kl mice, OPG mRNA level was increased both in bones (∼15-fold-that of wild-type mice in tibiae by competitive RT-PCR) and in liver, as well as in cultured osteoblastic cells (data not shown). The serum level of OPG protein was about 3-fold higher than that in wild-type mice ( Figure 5 ).
Discussion
In this study, we analyzed the pathophysiology of osteopenia observed in kl/kl mice, a novel laboratory animal model for human aging caused by a mutation of the mouse klotho gene. Osteopenia in kl/kl mice was accompanied by reduced turnover during bone metabolism, in which the decrease in bone formation exceeded the decrease in bone resorption. This state closely resembles that of senile osteoporosis in aged humans. We also revealed a defect of differentiation of both osteoblasts and osteoclasts in kl/kl mice through ex vivo bone and bone marrow cell cultures. In addition, we found that expression of OPG that suppresses osteoclast differentiation was significantly increased in kl/kl mice. We conclude that these cellular and molecular abnormalities caused by a defect of the klotho gene expression underlie the pathophysiology of lowturnover osteopenia in kl/kl mice.
Evidence is accumulating to indicate that the pleiotropic klotho gene functions are mediated by humoral factor(s) (3) . First, the klotho gene is expressed in specific cells and tissues such as kidney or brain despite the fact that a defect in klotho expression causes systemic aging phenotypes. Many organs affected in kl/kl mice, including bone and bone marrow, do not express the klotho gene endogenously (3) . Second, exogenous expression of this gene can improve all the aging phenotypes in kl/kl mice even when the exogenous klotho expression is limited to a few organs (3).
Last, parabiosis between wild-type and kl/+ mice improves vascular endothelial dysfunction observed in kl/+ mice (18) . We recently identified a splice variant of the klotho gene that encodes a putative secreted protein (4, 5) . It is possible that klotho protein (KL protein) itself may function as a circulating humoral factor or "antiaging" hormone. Alternatively, based on the homology to β-glucosidases, KL protein may function as a β-glucosidase-like enzyme and modify a factor(s) involved in the humoral signaling pathway. Therefore, it is distinctly possible that KL protein controls bone cell differentiation through a humoral signaling pathway, although the klotho gene is not expressed in the bone or bone marrow (3) . Furthermore, the impairment of differentiation seen in neonatal kl/kl mouse osteoblastic cell cultures was not reproducible in fetal kl/kl mouse osteoblastic cell cultures (Figure 3, b and c) . Because the klotho gene transcript could not be detected during embryonic development up to 16 days after coitus, but could be detected in the kidney of newborn (day 1) wild-type mice (3), in vivo exposure of the osteoblastic cells to the systemic klotho signaling during the perinatal period may be essential to their commitment to normal differentiation.
The bone marrow of kl/kl mice had fewer osteoblast progenitors or OB-CFU than that of wild-type mice, but a normal number of multipotential mesenchymal progenitors or F-CFU. Similarly, the bone marrow of kl/kl mice had fewer osteoclast progenitors, but had a normal number of hemopoietic progenitors, GM-CFU, and F4/80-positive cells. These observations indicate that osteoblastogenesis and osteoclastogenesis may be selectively suppressed in the bone marrow of kl/kl mice. It should be noted that ALP activity and matrix formation of osteoblastic cells were impaired in kl/kl mice, whereas the resorbing activity and survival of osteoclastic cells were not affected. This may partly explain the greater reduction in bone formation than in bone resorption in kl/kl mice.
OPG is a humoral factor that inhibits osteoclastogenesis by functioning as a decoy receptor of ODF, which has recently been identified as the osteoclastogenic factor of osteoblastic origin (15) . OPG is highly expressed in bone and liver, liberated into the bloodstream, and thought to function as a circulating factor. The increase in OPG mRNA and serum protein levels in kl/kl mice can be interpreted in 2 ways. First, expression of OPG may be under the control of the klotho signaling pathway that controls general aging in vivo. In fact, serum OPG protein level is reported to be significantly increased with age in both healthy men and women (9) . Although in vivo upregulation of OPG might cause the impairment of osteoclastogenesis in kl/kl mice, osteoclastogenesis in vitro was not reduced when kl/kl osteoblasts expressing higher OPG were cocultured with wild-type hemopoietic cells ( Figure  4b ). However, this finding does not necessarily deny the possibility that OPG mediates the klotho signal for impaired osteoclastogenesis because the coculture was done in the presence of 1α,25(OH)2D3, which is a potent inducer of ODF and its receptor, RANK (19) . Second, upregulation of OPG may be a compensatory mechanism for bone loss in kl/kl mice to inhibit further bone resorption. Although serum OPG level is also increased in postmenopausal women with not only low bone mass, but also with a high rate of bone turnover (9), OPG upregulation might not be a cause but a result of bone loss. In any case, increased OPG expression is likely to be involved in the pathophysiology of osteopenia in kl/kl mice.
Age-related bone loss in humans differs from postmenopausal bone loss not only with respect to the underlying cellular changes, but also with respect to the skeletal sites affected. The latter occurs primarily in trabecular bone, whereas the former occurs primarily in cortex bone (2) . The largest decrease in bone density was observed at the cortex bone of the diaphysis in kl/kl mice, indicating a resemblance to senile osteoporosis. Metaphyses around the knee joint, on the other hand, had elongated trabecular bones with a lamellar architecture and showed high bone density. Mechanism for the focal increase in bone density in this region only remains to be studied further; however, the histomorphometric analysis suggests that this is not a result of focal enhancement of bone formation (Table 1) .
Senescence-accelerated mice (SAM) and their substrains are known to exhibit several aging phenotypes, including osteopenia, and have been used as a model for human aging (20, 21) . Because the conditions of inheritance of the aging phenotypes are very complex in SAM, the genetic foundation has not yet been determined, and multiple gene mutations/polymorphisms are thought to be involved. One of the substrains of SAM, SAMP6, also exhibits low-turnover osteopenia. However, in contrast to kl/kl mice, the decreased osteoclastogenesis was shown to be secondary to the osteoblast defect of these mice (22) . Thus, the pathogenesis of osteopenia may be different between the 2 mouse models for aging.
The klotho mouse is the first laboratory animal model with multiple phenotypes closely resembling human aging caused by a single gene mutation. Although the aging phenotypes may not be completely identical to the natural aging process in humans, they clearly reflect various aspects of this process. Investigation of the bone abnormality in the klotho mouse is expected to provide new insight into the molecular pathogenesis of senile osteoporosis.
